Abstract: Extending the frying-life of oils is of commercial and economic importance. Due to this fact, assessment on the thermal stability of frying oils could provide considerable savings to the food processors. In this study, the physico-chemical properties of five palm products mainly palm oil, single-fractionated palm olein, double-fractionated palm olein, red palm olein and palm-based shortening during 80 hours of heating at 180 were investigated. Heating properties of these products were then compared with that of high oleic sunflower oil, which was used as reference oil. The indices applied in evaluating the quality changes of oils were free fatty acid, smoke point, p-anisidine value, tocols, polar and polymer compounds. Three palm products i.e. palm oil, single-fractionated palm olein and double-fractionated palm olein were identified to be the most stable in terms of lower formation of free fatty acid, polar and polymer compounds as well as preserving higher smoke point and tocols content compared to the other three oils. The low intensity of hydrolytic and oxidative changes due to prolonged heating, suggests that these palm products are inherently suitable for frying purposes.
INTRODUCTION
Palm oil is one of the 17 major oils and fats produced and traded worldwide. Palm oil accounts for almost 30% of the global vegetable oils production, with 60% of the share represent the overall world export 1) . Due to this fact, palm oil has become one of the most important commodities, especially in the food industry. As their thermal stability is concerned, palm oil and its fractions, mainly palm olein (singlefractionated), double-fractionated palm olein, red palm oil/olein and palm stearin are widely utilised in frying activities, including continuous frying 2) . These products demonstrate inherent frying properties, which is often regarded as a heavy duty frying oil with stronger resistance toward thermo-oxidation than most of the other vegetable oils and fats 3, 4) . Apart from that, the availability of both palm oil and palm fractions at competitive prices also contributes to the wide usage of these products for frying purposes.
Crude palm oil is refined, bleached and deodorised to obtain palm oil with the iodine value (IV) of 50 to 55. Palm olein is the liquid fraction obtained via fractionation of palm oil. There are mainly two grades of palm olein mainly of single-fractionated palm olein and double-fractionated palm olein. Single-fractionated palm olein, which comprises the bulk of refined palm olein, has an IV of 56 to 59 while the IV of double-fractionated palm olein is ranged from 60 up to 67. The unbleached palm oil/olein is known as red palm oil/olein. Palm stearin, which is a co-product of palm olein is more solid with a wide range of IV between 27 to 45. Palm-based shortening is generally contained 30 to 40% of palm oil and its fractions in the formulation.
The suitability of palm oil and its products, especially palm olein for frying of different foods is extensively discussed in many publications 2) . However, most of these studies were performed under batch (discontinuous) frying conditions, which differ from that of continuous frying operation in terms of frying performance and the rate (mechanism) of oil deterioration. Only few papers investigated the performance of palm olein under continuous frying conditions [4] [5] [6] [7] [8] [9] [10] . The role of frying oil is essentially to provide an efficient heat transfer medium. The oil transmits the heat rapidly and uniformly to the surface of the foods [11] [12] . At the same time, some of the oil/fat absorbed by the fried foods becomes a source of flavour and nutrition 5) . However, the quality of oil/fat is difficult to control as degradation takes place during the frying process. It involves a complex pattern of both thermolytic and oxidative reactions, which are very much dependent on the type of oil/fat used and the matrix (composition) of the fried foods [13] [14] [15] . Oxidation of oil, which is one of the major deteriorative reactions during heating and frying, induces a significant loss of quality, where it leads to changes in functional, sensory, nutritional values and safety of the fried foods 16) . Oxidation will further promote the formation of new compounds such as diacylglycerols, monoglycerols, monomers, polymers, free fatty acids and other oxidative substances, which are harmful to the human 17, 18) . This leads Firestone and colleagues 19) to review legislation and regulations concerning the quality of frying oils/fats in the USA and some European countries. Other researchers also reported recommendations on the criteria for evaluating the fry-life of the frying oils 20) . Currently, there are only few research works that investigate thermal properties of oils and fats, and most of them focussed on the effect of antioxidants or additives. Nevertheless, studies on the stability of palm products upon prolonged heating have not been reported. Therefore, the present study investigates the thermal resistance and physico-chemical properties of palm products i.e palm oil (PO), single-fractionated palm olein (SFPOo), double-fractionated palm olein (DFPOo), red palm olein (RPOo) and palm-based shortening (PBS), compared with that of high oleic sunflower oil (HOSFO) as reference oil. The HOSFO was chosen as control oil due to the fact that this oil is currently the most stable soft oil among others. It is hoped that the data generated from this study may facilitate food manufacturers to decide on the suitable oils for their frying operation.
EXPERIMENTAL

1
Palm products (PO, SFPOo, DFPOo, RPOo and PBS) were obtained from local suppliers. The HOSFO, which is used as reference oil, was purchased from Lam Soon Edible Oils Sdn. Bhd. The heating operation was performed using two units of open fryers DFT-6000 (0.55 m 0.46 m 0.29 m) (MSM Equipment Manufacturer Sdn. Bhd., Seri Kembangan, Malaysia). The fryer was filled with 5.5 L of oil/fat and heated at 180 2 for 8 hr/day for 10 days (5 days/week). At the end of each day, 500 mL of heated frying oil was sampled prior to cooling to 60 in a dark amber bottle, flushed with nitrogen and stored at -20 for subsequent analyses. After sample collection, the lid was replaced on the fryer and the remainder of the oil/fat was allowed to cool to room temperature and left overnight. The same amount of fresh oil (500 mL) was compensated into the fryer on the next-day heating treatment, as the amount of oil in the fryer should remain at 5.5 L.
2
Fatty acids composition (FAC) was determined according to ISO 5508:1990 21) . Methyl esters of fatty acids were analysed using a Hewlett-Packard 6890 Series gas chromatography (GC), which was equipped with a fused silica capillary column of DB-23, 60 m 0.25 mm, i.d. 0.25 mm film thickness and a flame ionisation detector (FID) (J & W Scientific, Folsom, USA). The sample was initially prepared by dissolving in n-hexane (Merck, Darmstadt, Germany) before methylation using sodium methoxide (Merck, Darmstadt, Germany). Distilled water was then added to dilute the mixture and allowed to settle for about 5 min. The upper layer of fatty acids methyl ester (FAME) was transferred into a 2-mL sample vial for GC analysis. FAME was identified and quantified by comparing the retention time and peak area with a RM-6 methyl ester standard.
3
Free fatty acid (FFA) was performed through a titration method following the AOCS Official Method Ca 5a-40 22) . The sample was firstly dissolved in iso-propanol (Systerm, Shah Alam, Malaysia) with phenolphthalein (J.T. Baker, Phillipsbur, USA) as indicator. The mixture was then titrated with sodium hydroxide (Koch-Light, Suffork, UK) with vigorous shaking until a permanent faint pink appeared and persisted for at least 1 min. The FFA of the palm-based products was calculated according to the percentage of palmitic acid while the FFA of HOSFO was based on the percentage of oleic acid.
4
Smoke point was determined according to the Cleveland Open Cup Method as described in AOCS Official Method Cc 9a-48 22) . The Cleveland open cup was filled with the sample up to the filling line. The thermometer was then suspended at the centre of the cup vertically and the beam light was positioned across the centre of the cup prior to the heating process. The cup was heated rapidly up to 50 , followed by regulated heating at 5 /min. The smoke point was designated when the sample gave off thin and continuous stream of bluish smoke.
5 p
p-Anisidine value (AnV) was analysed according to IUPAC 2.504 23) . The sample was initially mixed with isooctane (Merck, Darmstadt, Germany) prior to reaction with an anisidine reagent (Sigma, St. Louis, USA). AnV was determined at the wavelength of 250 nm in a 1-cm cell using a Lambda 35 Spectrometer (Perkin Elmer, Massachussets, USA).
6
Tocols (tocopherols and tocotrienols) were quantified according to the AOCS Official Method Ce 8-89 22) . The sample was dissolved with n-hexane (Merck, Darmstadt, Germany) before injection into the Gilson high performance liquid chromatography (HPLC) (Gilson Inc., Middleton, USA). The HPLC was fitted with a fluorescence detector (Perkin Elmer, Massachussets, USA), where the instrument was set at 290 nm (excitation wavelength) and 330 nm (emission wavelength). An analytical pre-packed column (250 mm 4.6 mm) of 5 mm silica (Phenomenex, Torrance, USA) was used with a mixture of iso-propanol and n-hexane (Merck, Darmstadt, Germany) as the mobile phase. The system was operated at a flow rate of 1 mL/min. A total of 5 min was necessary to assay the tocols content of the sample. Tocols were identified based on the retention times of tocols standard (Isomer Kits of ChromaDex, Santa Ana, USA).
7
Polar compounds were analysed based on the IUPAC 2.507 23) . A mixture of petroleum benzene-diethyl ether (Univar, Seven Hills, Australia) was added to the sample and allowed to dissolve before transferring into a 0.45-m glass column packed with Silica Gel 60 No. 7734 (Merck, Darmstadt, Germany) and petroleum benzene-diethyl ether mixture. Non polar fraction was eluted gravimetrically by passing through the petroleum benzene-diethyl ether mixture (in the packed column) for about an hour. The column outlet was then rinsed with the petroleum benzene-diethyl ether mixture to ensure that the non polar separation was completed. The solvent (petroleum benzene-diethyl ether mixture) of the non polar substance was removed using a rotary evaporator and the residue was allowed to cool to room temperature.
8
Polymer compounds were identified according to the method described by Peled and colleagues 24) . The sample was initially reacted with 1% sulfuric acid (Systerm, Shah Alam, Malaysia) prior to reflux for about 2 1 2 h. The methanolic layer was then separated from the semi-solid residue after 2 1 2 h of cooling. This insoluble viscous residue was rinsed using methanol (Systerm, Shah Alam, Malaysia) and further dissolved with chloroform (LAB-SCAN, Dublin, Ireland) before being transferred to the conical flask. Chloroform was removed using a rotary evaporator and the remaining residue was dried at 130 for about 30 min.
9
Colour was measured using a Lovibond Tintometer Model F (The Tintometer Ltd., Salisbury, England) apparatus according to the AOCS Official Method Cc 13e-92 21) . A glass cell of 5 1 / 4 in (133.4 mm) was filled with the sample and placed inside the lighting cabinet. The colour of the sample can be immediately determined by using the colour racks in the ratio of 10 yellow (Y) to 1 red (R) as the base line.
RESULTS AND DISCUSSION
1
Initial fatty acids composition (FAC) of the representative oils are given in . SFPOo, DFPOo and RPO contained saturated fatty acids (SFA) of 40.9 to 45.3%, monounsaturated fatty acids (MUFA) of 42.9 to 44.9% and polyunsaturated fatty acids (PUFA) of 11.3 to 13.9%. The initial FAC of PO and PBS were comparable and thus an equivalent SFA, MUFA and PUFA were obtained. As expected, HOSFO displayed high level of oleic acid (MUFA) of almost 85%, with 6.4% of MUFA and 7.3% of PUFA.
2
Free fatty acid (FFA) is one of the most important indicators of oil deterioration during heating. The formation of FFA is due to the hydrolysis of triacylglycerol and hyderoperoxides decomposition in oil/fat at frying temperatures in the presence of moisture and air 13) . In this study, the FFA content increased moderately as heating progressed ( ). PO displayed only a small increase in FFA from 0.04 to 0.15%, followed by SFPOo from 0.06 to 0.21% and DFPOo from 0.08 to 0.21%. However, the remaining oils (PBS, HOSFO and RPOo) demonstrated at least a 2-fold increase of FFA content compared to that of these three oils. PBS showed the highest amount of FFA (0.51%), while HOSFO and RPO showed FFA content of 0.49% and 0.43%, respectively after 80-hour of heating treatment.
Determination of FFA measurement appears to be the approach preferred by many food processors for quality control evaluation of used frying oil. The FFA level of about 2 to 2.5% is normally regarded as the end point for the oil used in frying battered and/or breaded foods such as fillet, nuggets and chicken parts in the fast food chains 4, 25) . FFA concentrations of up to 5% may be tolerated in some countries as the discard point of the oil used for frying French fries 26) . For example, countries like Austria, Belgium, Germany, Japan and The Netherlands have regulated the maximum FFA content of 1.25%, 2.5%, 1%, 1.25% and 2.25%, respectively. The end-point of 0.5% FFA is also implemented by the manufacturers of instant noodles and potato chips, while a maximum of 1% FFA is usually adopted by the processors of pre-fried French fries 4, 25) .
3
Decomposition of low-molecular-weight compounds such as FFA and volatile compounds in the oils contributes
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to the amount of smoke emanating from that oil as heating takes place 5) . The temperature, in which continuous thin wisp of bluish smoke starts to appear from the heated oils is identified as the smoke point. The intermittent heating of palm products and HOSFO led to a gradual decrease in the smoke point value (
). The HOSFO initially exhibited the highest smoke point value among others. However, the value dropped from 242 to 194 after completion of the heating treatment. Smoke points of SFPOo, DFPOo RPOo and PO dropped from 219 to 203 , from 218 to 196 , from 228 to 196 and from 236 to 200 , respectively. The PBS, which demonstrated the lowest smoke point value (210 ), decreased to 191 after the prolonged heating.
However, these smoke point values were still above the typical frying temperature of 180 and found to be more than 20 higher than that of the limitation permitted (170 ) by some countries 27) . The smoke point of 170 is obtained when the FFA content in the heated oil is around 2 to 2.5% 4) . Berger 28) also noted that the maximum difference of smoke point between fresh and used oil should be within 50 .
3 4 p p-Anisidine value (AnV) measures the secondary decomposition products such as carbonyl compounds (aldehydes and ketones), which are transformed from the primary oxidation products. The initial AnV in all oils was no higher than 2 unit, which further attest to the high quality of oils used in this study ( ). Three oils had gradual AnV increase, i.e. SFPOo, DFPOo and PO. The other three oils, however, had significant elevations of AnV, as seen from 1.65 to 42.95 unit in RPOo, from 1.57 to 46.66 unit in PBS and from 1.79 to 46.34 unit in HOSFO. Quantification of AnV is found to be meaningful due to the aldehydes measured are being more stable during heating. 
Thermal Stability of Palm Products
dants that inherently exist in oils. These vital constituents act as scavengers, inhibiting the initial and propagation phases of thermal oxidation 29) . The reduction of tocols in the five palm products and HOSFO was evident with prolonged heating ( ). SFPOo displayed only a drop of 25% of its initial content (from 575 to 434 mg/kg), while DFPOo and PO remained their original tocol contents to 75% (from 607 to 454 mg/kg) and 64% (from 545 to 350 mg/kg), respectively. The RPOo showed a remarkable tocols degradation by ten-fold from 652 to 62 mg/kg, followed by PBS (from 492 to 80 mg/kg) and HOSFO (230 to 11 mg/kg).
Interestingly, there were almost no or very minimal changes of tocopherols in SFPOo, DFPOo and PO throughout the heating process. This trend, however, was not applicable to RPOo, PBS and HOSFO. On the other hand, the reduction of tocols in SFPOo, DFPOo and PO was mainly contributed by the degradation of tocotrienols with a drop of 35%, 32% and 42%, respectively. The tendency of tocotrienols reduction was also formed in RPOo and PBS. As expected, the HOSFO contained negligible amounts of tocotrienols.
6
Polar compounds are quantified to measure the hightemperature degradation of oil upon heating and frying 30) . The initial polar compounds of the five palm products were ranged from 6 to 7%, which is higher compared to that of HOSFO (3.08%). The higher amounts of polar compounds in palm products are mainly due to higher level of diacylglycerol contents compared to other vegetable oils 28) . The level of polar compounds increased progressively towards the end of the heating treatment ( ). After the 10-day of heating, the polar compounds in DFPOo, PO and SFPOo were elevated from 6.52 to 13.10%, from 5.85 to 13.81% and from 6.28 to 15.17%, respectively.
However, PBS and RPOo showed double the amounts of polar compounds compared to other palm products from 7.31 to 29.14% and from 5.94 to 29.32% after the 80-hour of heating treatment. The HOSFO showed a remarkable increase of polar compounds throughout the heating process, from 3.08 to 42.29%. In general, the limit of polar compounds permitted for used frying oils by some countries is 25% 28) . Rossell 26) also emphasised that oils with more than 25% of polar compounds are unfit for human consumption. German standard specifies a maximum of 27% polar compounds as a discard point for frying oils 31) .
7
Polymer compounds are developed in oils as a result of oxidation and thermal reaction during heating and frying operations 5) . Polymerisation produces higher molecular weight compounds (carbon-to-carbon and/or oxygen-tocarbon bridges) between fatty acids and will increase the viscosity level of oil 32) . Karimah and Razali 25) also highlighted that excess polymer compounds can impart a bitter taste to the fried foods and is partly responsible for foaming.
SFPOo, DFPOo and PO only exhibited a minor change of less than 2% polar compound as heating progressed ( ). The other two palm products, RPOo and PBS demonstrated slightly higher levels of polymer compounds from 0.68 to 3.44% and from 0.56 to 2.97%, respectively after 10 days of heating. As expected, the polar compounds of HOSFO were almost doubled to that of RPOo after the heating treatment. The formation of polymer compounds in all oils was lower than the maximum limit of 10% polymer compounds adopted by some EU (European Union) countries 25) . Other countries like The Netherlands and South Africa have a higher limit of polymer compounds of 16% in used frying oils 28) .
8
As expected, the HOSFO was the least coloured compared to the other palm products after prolonged heating ( ). Palm products excluding RPOo darkened gradually as heating progressed, in which PO demonstrated the least coloured of 10.7R 60Y, followed by PBS (16.2R 30Y), SFPOo (19R 70Y) and DFPOo (21.1R 60Y). Interestingly, the RPOo had a unique trend of darkening upon heating treatment. The oil, which was initially dark in colour (63R, 70Y) had progressively lighten up to 4.2R 40 Y (day 1) and 3.1R 20Y (day 3) prior to only a minor darkening to 9.1R 60Y after 10 days of heating.
In general, the darkening of palm oil products is due to the presence of trace phenolic compounds, many of which are natural antioxidants 33) . Tsaknis 32) emphasised that darkening of oils due to heating is attributed to the presence of unsaturated carbonyl compounds which are intermediates to give non-volatile decomposition products containing carbonyl group and have the ability to absorb energy of the visible light magnitude. 
Thermal Stability of Palm Products
CONCLUSION
In general, three palm products i.e. palm oil, single-fractionated palm olein and double-fractionated palm olein appear to be the most stable towards prolonged heating treatment of 80 hours at a typical frying temperature (180 ) in terms of minor developments of free fatty acids, polar and polymer compounds as well as retaining higher smoke point and tocols levels in comparison to that of red palm olein and palm-based shortening. The HOSFO also exhibited lower fatty acids formation and higher smoke point after prolonged heating. This oil, however, contained higher amount of polar and polymer compounds with lower level of tocols content compared to palm oil and its fractions. Less stable oils lead to deleterious reactions, which not only affect the life-span of the oils but also influence the quality of fried foods. The selection of frying oils, however, is also very much dependent on the price of those commodities, as the current global price is relatively high. Therefore, palm products are recommended to be used as frying media due to their inherent properties and technoeconomic advantages over other oils.
